Abstract: District energy (DE) systems provide an important means of mitigating greenhouse gas (GHG) emissions and the significant related concerns associated with global climate change. DE systems can use fossil fuel, renewable energy and waste heat as energy sources, and facilitate intelligent integration of energy systems. In this paper, solar thermal and geothermal energy are compared as energy sources for a district energy system which serves a community including commercial and educational buildings. The DE system is assessed for the considered energy resources in two main ways, by considering CO 2 emissions and economic aspects. The results obtained for the solar and geothermal energy sources are compared to detect trends. The results indicate that solar thermal energy is the most advantageous energy technology for a DE system from an environmental perspective, while geothermal energy is more beneficial from a financial point of view. An examination of the cost distribution for the technologies shows that when solar thermal energy is the main energy supply for a DE system, the system exhibits the highest loan payments and the lowest fuel costs (FCs) and insurance and maintenance (I&M) payments. With geothermal systems, loan payments are lower while the total cost over the life of the technology is higher for the DE system. Using solar thermal and geothermal technologies as the energy supply for a DE system also yields environmental benefits which can lead to financial advantages through such instruments as tax breaks. The study reported here is intended to allow energy technology suppliers to work with communities while accounting appropriately for economic issues and CO 2 emissions associated with these energy technologies.
recovered heat for DE system. In that study, the feasibility of the proposed model from technical, the environmental and economic aspects are analysed [21] . Fruergaard et al. investigated CO 2 emissions via waste incineration in two different DE networks in Denmark [22] . A DE system in China was assessed economically when waste incineration and CHP are energy suppliers [23] .
Lund et al. proposed a comprehensive model for the future (2060) to use 100% renewable energy for running not only a DE system but also other energy applications. In their model, there are different sources of renewable energy, beside waste heat and CHP. They estimate of the cost and CO 2 reduction through a future comprehensive model [24] . Another study in Denmark considers a DE system that works with wind electricity, waste use, biomass use, coal, natural gas, and oil [25] . Ostergaard and Lund [25] replaced an oil burning system with geothermal system and analysed CO 2 two possible scenarios.
The purpose of this study is to compare solar thermal collectors and ground source heat pumps (GSHPs) used by DE systems. The solar and geothermal energy technologies are defined in terms of financial characteristics and CO 2 emissions (as an indicator of environment impact).
Methodology
A typical DE system consists of several energy users which are connected to an energy plant through a thermal network. Various energy suppliers, including renewable and non-renewable ones, can provide energy for the DE system individually or as group. In a heat processing centre, the energy of the resources is processed and readied for supply to the thermal network, which distributes energy to consumers.
Environmental Impact
Main CO 2 emission is an indicator for environmental impact of a product or procedure, because increasing CO 2 in the atmosphere results in an increase in the average global temperature [26] . This global warming is believed by many to have a severe irreversible future impact on life forms on the earth.
In this work, the CO 2 emitted from solar and geothermal suppliers is initially estimated in similar conditions. The consistency of performance is important for a fact-based assessment of energy options. In the next step, the CO 2 emitted for solar collectors and GSHP technology is compared to determine the environmental impact of each technology. The CO 2 emission associated with solar and geothermal technology is estimated during the life of the technology.
Cost Analysis
Initial costs, as well as operating costs during the life of every energy option, are determined in this study through the following terms.
Future monetary value is calculated by considering compound interest [27] :
where Y n denotes the future value (in $) in year n, Y 0 the present value, n the number of years, and IR the inflation rate.
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The loan on the product is calculated with the capital recovery factor, which results in monthly payment (or capital recovery, in $) M of the loan [27] :
when P denotes the principal in $, i the monthly interest rate, and N the number of monthly payments. This equation is applied to compute a payment of any loan, mortgage, or investment.
The value of money changes over the time. Equation (1) is used here repeatedly to determine the financial value at different times. Equation (2) is applied for the capital recovery for each energy technology. The cost of future repayments, if the entire cost is borrowed from a financial institution, is estimated. The payments of the original investment significantly affect the financial characteristics of each energy supplier.
Modeling the District Energy System Energy Supplier
One method of modeling the DE system is through demand profiles of building heat load. Initially, occupants' behaviour in every consumer building needs to be considered, and then the heat load of all consumers is summed. The DE plant is able to cover the total heat load of consumers as well as heat loss of the thermal network and consumers. Thus, the total energy of a DE plant can be quantified by adding total heat loss to total heat load.
Sizing a DE system starts with knowing the consumers' heat demand characteristics. A heat plant is able to satisfy the consumers' heat demand after deducting all losses between the heat plant and the consumers. For the heat plant of a DE system, usually two systems of heating equipment are considered [28] . One system is primary, which provides the main energy and operates on a regular basis. The second is the back up and it operates only when the heating load exceeds the capacity of the primary system. This auxiliary system has smaller capacity and occasionally works during a year. Since the main energy demand is covered by the primary system, it has received more attention and there are various methods to size the primary system. The ASHRAE handbook [28] suggests using the average energy demand (annual demand/12) for sizing the primary system, while Nijjar and Holmgren and Gebremedhin [12, 29] state that 60% to 70% of the peak is adequate for sizing the same. Nijjar [12] uses 60% of the peak for sizing the primary system, and states that a primary system capacity of 60% usually covers 90% of the demand of the DE system. Only 10% of heat demand is covered by the secondary system. In this study, the sizing of the primary portion of the DE system for solar energy and ground source heat pump (GSHP) are examined in the same situation. For consistency, the auxiliary system remains the same for all energy options. However, the primary system is modeled for solar and geothermal technologies to account for the different energy options. The performance of the DE system in similar circumstances with two energy technologies (solar and geothermal) is then compared.
Solar Energy
Solar collectors directly convert solar energy to heat, which can be used for heating buildings. Flat solar collectors have a larger market share and are more commonly used in comparison to evacuated tube solar water collectors. The flat plate collector is chosen for this study and its performance is explained.
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Solar collectors are sized as the primary system for a DE system. They are coupled with an auxiliary system to cover all heat demands of the DE system during all seasons. Each solar collector has its own heat generation size. The maximum capacity of the primary system divided by the heat generation size of each panel provides the total number of solar collectors. The efficiency of each solar collector is considered.
Geothermal Energy
In Canada, with its outdoor air temperature fluctuations during the year, geothermal energy can be used for district heating. A geothermal energy system extracts heat from the ground during winter and passes the building's heat back to the ground in the summer.
Case Study
Main To demonstrate the application of two energy resources (solar energy and GSHP) in a DE system and to compare their behaviours, a DE system located in Ontario, Canada is considered. The DE system is proposed based on buildings heat loads data in an Ontario climate [30] . Financial aspects of the case study like inflation rate (IR) and interest rate are assumed according to the present financial and industrial markets. The illustrative example can be subsequently applied for any DE system with different properties; the approach for modeling and analysis is the goal of this section. The main objective of this section is to compare consistently various energy resources; HVAC calculations are simplified where convenient for the case study.
The considered DE system covers 25,000 m 2 of urban area, including multi-floor buildings.
Building one is a four-floor office building. Building three is a three story educational building. The proposed DE system operates with various energy resources. For the economic modeling IR is assumed to be 2%, based on central bank of Canada, and interest rate is considered 5%, based on present market values. The insurance and maintenance of equipment is assumed to be 3% of the initial investment, and the total cost for project management is taken to be 10% of the initial investment; these percentages are typical in the industry. Figure 1 shows a simplified picture of the DE system including consumers, the thermal network, and the heat plant. To customize the heat plant of the DE system, the consumers' heat load is defined by examining all buildings in the system. For instance, institutional building main heat load occurs during business hours in the day, while the late afternoon, evening and night are off peak periods. The heat load of every building in the DE system is defined and summed to determine the overall heat load. The energy consumption of the DE system is equal to the energy consumption of the three buildings (as shown in Table 1 ) plus the heat loss of the DE system. The average monthly energy consumption of the proposed DE system is estimated for the Ontario climate by referencing data for buildings in Ontario [30] . It is observed that in late fall, winter and early spring, the energy consumption has a higher value compared with late spring, early fall and summer, due to the ambient temperature variations.
The peak times of the buildings are similar because all buildings are used during weekday working hours with slightly different peak times. Thus, the peak load of the DE system is almost the total of the peak loads of each building. The peak load of the DE system is 1,720 kW which is higher than the energy usage depicted in Table 1 . The DE plant needs the capability to cover the peak load.
Both sizing methods (average load and 60%-of-peak) are applied for sizing the primary energy supplier of the proposed DE system, which is tabulated in Table 2 . In the average-load method, the outcome of the annual consumption divided by 12 months from Table 1 (8,480/12 = 707 kW or 6,309/12 = 526 MWh) gives the size of the primary system while in the 60%-of-peak approach 60% of the peak load (1,720 × 60% = 1,032 kW or 1,280 × 60% = 768 MWh) determines the size. For the proposed DE system the capacity of the primary system is about 1,032 kW. Hence, the auxiliary system size is the difference between peak (1,720 kW) and capacity of primary system (1,032 kW), which is about 688 kW. Since 1,032 kW and 688 kW are not systems that can be found in the market, the size is rounded. 1,032 kW can be rounded up to 1,100 kW or rounded down to 1,000 kW, while the auxiliary system size can be rounded up to 700 kW or rounded down to 650 kW. To cover the 60% of load, the primary system is round up to 1,100 kW and the auxiliary down to 650 kW. At peak times, both systems (1,100 + 650 = 1,750 kW) cover the peak (1,720 kW). during the year. If winter sunlight, which is the lowest level, is considered for sizing the solar collectors, the initial cost rises significantly and there is extra energy during the summer when the consumption is low and days are long. Since there is an auxiliary system to support the primary system, the energy demand for 12 months is assumed evenly divided. The area of the solar collectors is calculated by dividing the needed capacity by the energy generated by one panel, which is 5,590 m 2 .
Economical Aspects
The unit price of the solar collectors used here is 400 $/m 2 [31, 32] . The initial cost (without installation) of the solar collectors with an efficiency of 60% is: 5,590 m 2 × 400 $/m 2 =$2,236,000
Provincial and federal governments offer various incentive programs from 10% up to 70% for promoting renewable energy, including solar energy [33, 34] . Rebates depend on the program, building type, business sector, and time. For this study, a 30% governmental incentive is assumed for the initial cost of the solar collectors. By applying the incentive, the initial price reduces to $1,565,200. There is no monthly fuel use in this energy option. However, 3% of the initial cost is needed for maintenance and insurance for the solar collectors, which is similar to that required for a condensing boiler.
Using equations (1) and (2) the total cost of the DE system over 25 years is the same as Figure 2 . The total cost without project management over the life of the solar collectors is $3,800,000; by adding 10% of project management the overall becomes $4,100,000. Figure 2 shows that in the first 10 years of the solar collectors' performance the annual cost is almost three times higher in comparison with the following 15 years. Since the initial investment of the solar collectors is fairly high, the instalment on the loan is also high. Therefore, in the first 10 years annual costs are high. From the 11 th year, the annual costs drop drastically since it is only the operating cost that remains. Additional details on the total cost are depicted in Figure 3 , where it is observed that the major portion of cost, especially in the first 10 years, is allocated to loan payment. 
Environmental Aspects
Since no fuel is used by the primary system when the energy option is solar thermal, there is no CO 2 emission during the 25 years of operation.
Geothermal Energy
A ground source heat pump is now considered as the energy supplier for the DE system. The capacity of the GSHP is 1,100 kW. To size the GSHP in detail as a primary system, RETScreen software [35] is used. To have a GSHP with a capacity of 1300 kW, when the circulation refrigerant is R-40A, there must be 182 U shaped pipes with a length of 440 m with a cooling COP of 5.1, a heating COP of 4.1, a cooling capacity of 1365 kW, and a heating capacity of 1000 kW. When the COP for heating is 4.1, about one fourth of the energy (325 kW) is supplied by electricity; thus, electricity consumption, cost, and pollution need to be considered for this source of energy.
Economic Aspects
The cost of a 55.6 kW GSHP plus the drilling, piping, installation and other system is reported to be $41,353 [31] , based on which the cost of the proposed GSHP with a capacity of 1,100 kW is estimated as $818,000. By considering a 30% government for promoting renewable energy, the actual price of the GSHP for the proposed DE system becomes $676,000. This is also the principle value for the loan. The loan conditions are the same as for the previous scenarios.
The cost of electricity on Ontario on average is 0.094 $/kWh over last five years [33] . 325 kW for a month is equal to 234 MWh, and then the average monthly cost of electricity is 22,000 $/month (0.094 $/kWh 234 MWh 1000) when the GHSP operates at maximum capacity.
In January, February and December, the GSHP operates with a maximum capacity of 1,100 kW and the rest of the load is covered by an auxiliary system, as seen in Figure 4 . Thus, maximum electricity usage for heating (cooling is excluded), and apparently the electricity cost, occurs in January, February and December. To have a consistent comparison method, cooling operation electricity consumption of the GSHP is excluded in Figure 4 . (1) and (2) to the initial and the monthly cost results in the financial results of a GSHP over a 25 year life, as depicted in Figure 5 . There, it is assumed that n = 25, IR = 2%, I = for an interest rate of the loan of 5%, and N = 10 × 12 = 120 for a 10-year amortization. Figure 5 shows that there is a decline in the total cost in the 11 th year, by one fourth. From year 11 to 25, the annual cost is only the operating cost, including insurance and maintenance and electricity. The total cost of the GSHP over its 25 year life and without project management costs, comes to $6,400,000; with a 10% project management cost, the overall cost is $7,000,000. To understand the total cost of the GSHP, the major cost items are broken down and presented in Figure 5 . That figure shows that the main part of the GSHP cost is operating costs over the life. The capital recovery has a smaller share compared with operating costs. Figure 5 . Annual costs for GSHP
Environmental Aspects
During 25 years of performance of the GSHP, some environmental impacts result. The amount of emitted CO 2 is considered here as an indicator of the GSHP environmental impact, as a primary system for DE. The Ontario electricity generation mix is made up of various resources (coal, natural gas, wind, nuclear, hydro, and others), and the CO 2 emission is dependent on the mixture. CO 2 emission from electricity generation in Ontario has been reported, as 242 MWh/month [36].
Figure 6. GSHP Cost breakdown
The monthly distribution of the emitted CO 2 by a GSHP as the primary system in DE is depicted in Figure 7 . By assuming the electricity mix in Ontario remains fixed over the next 25 years, the GSHP emissions of CO 2 is found to be 10,314.65 t over its life. Note in Figure 7 that in January, February, and December, the GSHP operates at its maximum capacity of 1,100 kW and the rest of the heating load is covered by an auxiliary system. Consequently, the maximum CO 2 emissions occur in months of January, February and December. 
Results and Discussion
DE systems have the flexibility to accommodate various energy suppliers. The focus of this study is on comparing two common energy resources: solar and geothermal. To have a consistent comparison, the technologies are sized for an identical DE system. The economic and environmental aspects are individually analyzed.
Economic Appraisal
The energy resource technologies can be financially compared in a consistent manner because they are linked to an identical DE system. Assuming a 25-year lifetime for each technology, annual costs are estimated and presented over the life of each energy technology, providing useful insights for financial analysts and managers.
The revenue of the DE system from selling heat is considered the same for both technologies. Thus, this amount is not mentioned in any cost estimation, since adding or subtracting a constant number to the total cost has no effect on the final comparison.
The annual costs of the two technologies for the proposed DE system are demonstrated in Figures 2  and 5 , which show that the costs of both technologies decrease after 10 years, when the loan on the initial investment is paid off. It can also be seen that the solar technology has the highest initial investment. Solar energy after paying off the loan, it has the lowest cost for the next 15 years.
Not only is the distribution cost significant in decision-making, but also the overall cost of the two technologies for the proposed DE system is important. Comparing overall cost for solar energy ($4,100,000) and geothermal ($7,000,000) reveals solar technology is less expensive.
In order to make the final decision, other financial factors, such as the annual costs and project circumstances, must be reflected in the above prioritization. Similarly, the cost breakdown of each energy supplier for the DE system in Figures 3 and 6 reveals that the solar collectors have the highest loan payment and lowest I&M cost, and that the GSHP has the highest cost of I&M and electricity. Depending on the economics of the community and finance availability of the project, these details are important. For example if there is budget limitation for implementing a DE system, the option of the technology with the lowest initial investment is prudent. If the capital is available for launching the DE system, but there is inadequate funding during the operation of the DE system, then the energy option with the lowest operational cost may be more advantageous.
Environmental Appraisal
The environmental feature of the DE system is one of the key parameters in the decision-making process for choosing an energy supplier. Figure 7 illustrates CO 2 emissions during one typical year for GSHP operation while solar energy has no emission during the operational period. Thus, solar energy is the more advantageous energy option environmentally.
The environmental aspect of industrial projects attracts much attention. Sometimes the environmental impact is the main factor for decision making. The benefits of improving environmental characteristics include protecting the environment, receiving government tax incentives and reducing carbon taxes (if applicable), satisfying industry standards and governmental regulations, and demonstrating new models for similar industries.
Conclusions
A methodology for analysing solar energy and GSHPs from the viewpoint of economic aspects and CO 2 emission has been presented. The fuel cost is a key component of the annual cost and the overall cost of the DE system. The carbon tax and cost can be affected by the type of fuel.
A community-based DE system was considered as a case study. First, a characteristic heat load of the proposed DE system was developed, and then the two energy options for the DE system were compared in a consistent manner. The energy sources were solar thermal and geothermal. The systems were sized for both energy options, and the CO 2 emission and economic characteristics of each were analyzed. The results indicate that:
 Solar thermal is the most advantageous energy technology for the DE system because it has less CO 2 emission during operation.  Solar thermal technology, as the main energy supplier for the DE system, incurs the highest loan payment and the lowest fuel cost and I&M (insurance & maintenance) costs.
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Nomenclature i Monthly interest rate (%) IR
Inflation rate (%) M Monthly payment (capital recovery) ($) N Number of monthly payments
